INTRODUCTION
The complete genome sequences of various organisms, including mammals, have recently become available as a consequence of rapid advances in DNA sequencing technology. However, particularly in mammals, the analysis of transcripts still plays a key role in bridging the gap between the genome and the proteome. This is mainly because, at present, we cannot accurately predict the structures of transcripts derived from a particular gene from the genomic information alone. Thus, as a method for the analysis of transcripts, cDNA library construction is crucial, even in the post-genome sequencing era. Although cDNA cloning of genes of interest by PCR has provided a simplified alternative route to analyze transcript structures without cDNA library construction, the construction of a cDNA library is the approach of choice when a large number of cDNAs from a single mRNA source are to be analyzed. To date, a great deal of effort has been put into developing a method for the preparation of high-quality cDNA libraries (1) (2) (3) (4) . In contrast, the question of how to prepare a highquality cDNA library from a small pool of RNAs has not been so actively addressed. However, this has become a high-priority goal because researchers are often interested in hypothetical genes that are predicted to be expressed only in certain types of cells or tissues under particular conditions, such as those seen in pathological samples.
There have been a number of reports describing the use of small amounts of source RNA for generating amplified cDNA or cRNA, from which targets for microarray analysis can be prepared (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Their final goal is to obtain full-length, non-population-biased RNA that is highly representative of the original mRNA. To perform this, these methods usually adopt PCR or in vitro transcription by T7 RNA polymerase to amplify the original mRNA in the form of cDNA or cRNA, respectively.
Although the comparison of expression profiles is one of the most efficient approaches to investigate differences in the physiological states of cells or tissues, structural characterization of transcripts (e.g., identification of alternative splicing patterns, transcription start site, and transcription termination site) cannot be done by such a microarray analysis. Sequencing analysis of each transcript is inevitable in these cases.
We developed a method that permits a small amount of starting RNA to be used to construct a cDNA library suitable for gene cloning and comprehensive sequencing analysis. The method tags the 3′ and 5′ ends of the first-round cDNAs with T7 and SP6 phage promoter sequences, respectively, to minimize size-bias effects during the amplification. After two-round cRNA amplification, we converted the amplified cRNAs to cDNAs, cloned these products into a plasmid, and then evaluated the resultant cDNA library in comparison with that constructed by a conventional method (4, 16, 17 
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MATERIALS AND METHODS
cRNA Amplification
The sequences of oligonucleotides used in this study [T7-Not-(dT) 18 primer, SP6 adaptor, attB2-Not-(dT) 18 primer, and attB1 adaptor used for library construction] are shown in Table  1 . To establish the protocol, we used 1 µg total RNA prepared from ICR mouse brain (8-week-old male mice) as a template. A mixture (10 µL) of 1 µg total RNA and 100 pmol T7-Not-(dT) 18 primer was incubated at 70°C for 10 min and then snap-cooled on ice. Double-stranded cDNA synthesis and adaptor ligation were performed following the protocols of the SuperScript ® Plasmid System (Invitrogen, Carlsbad, CA, USA) (4, 16, 17) , with minor modifications. Briefly, for the first-strand cDNA synthesis, 4 µL 5× first-strand buffer (Invitrogen), 1 µL 0.1 M dithiothreitol (DTT), 1 µL 10 mM dNTPs, 1 µL (40 U) RNaseOUT™ (Invitrogen), and 1 µL water were added to the denatured RNA/T7-Not-(dT) 18 primer mixure and incubated at 37°C for 3 min to anneal primers. Then, 2 µL (400 U) SuperScript III RNase H -reverse transcriptase (Invitrogen) were added to the reaction mixture, and the temperature was adjusted to 50°C to start the first-strand cDNA synthesis. After 1 h, the secondstrand cDNA synthesis was carried out as previously described by Gubler and Hoffman (18) ; to the first-strand cDNA mixture, 91 µL water, 30 µL 5× secondstrand buffer (Invitrogen), 3 µL 10 mM dNTPs, 1 µL (10 U) Escherichia coli DNA ligase, 4 µL (40 U) E. coli DNA polymerase, and 1 µL (2 U) E. coli RNase H were added, and the mixture was incubated at 16°C for 2 h. cDNA termini were then end-polished with 10 U T4 DNA polymerase (Invitrogen) at 16°C for 5 min, and the reaction was stopped by the addition of 10 µL 0.5 M ethylenediamine tetraacetic acid (EDTA). The resulting cDNAs were purified by extraction with phenol/ chloroform/isoamyl alcohol (25:24:1), followed by ethanol precipitation as previously described (17) , except for use of 1 µg yeast tRNA instead of polyadenylic acid as a carrier. The precipitated cDNA was dissolved in 50 µL TE (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA), mixed with 30 µL of a 20% (w/v) polyethylene glycol (PEG) 6000/2.5 M NaCl solution, and then incubated on ice for 1 h (17) . After the incubation, the cDNA mixture was centrifuged at 18,000× g at 4°C for 15 min. The resultant cDNA pellet was rinsed twice with 70% ethanol, dried, and then resuspended in 30 µL water. The purified cDNAs were ligated with 500 pmol SP6 adaptor (Table 1) using 5 U T4 DNA ligase (Invitrogen) in a 50-µL reaction volume at 16°C overnight. The adaptor-ligated mixture was diluted two-fold with water, and then cDNAs were purified using a DNAclear™ column (Ambion, Austin, TX, USA). The eluate (in 16 µL water) was used as a template for cRNA synthesis. Using the MEGAscript ® T7 kit (Ambion), cRNAs were synthesized at 37°C overnight in a 40-µL reaction volume. After template cDNAs were degraded by 4 U DNase I, the synthesized cRNAs were purified using an RNeasy ® Mini Kit (QIAGEN, Valencia, CA, USA) and eluted with 100 µL water. The concentration of the cRNA was determined by ultraviolet (UV) absorption. For the second-round cRNA amplification, 2 µg of the synthesized cRNA and 100 pmol SP6 UP primer (equal to the upper-strand oligonucleotide of SP6 adaptor shown in Table 1 ) were used as template and primer, respectively. The second-round cDNA synthesis was carried out as in the original reverse transcription from the source RNA, except that SP6 UP primer annealing was performed at 50°C for 3 min. After purification of the obtained double-stranded cDNA through a DNAclear column, 0.5 µg of the cDNA was used as a template for the next SP6 RNA polymeraseassisted cRNA amplification. Using the MEGAscript SP6 kit (Ambion), cRNA synthesis was carried out at 37°C for 6 h. After template cDNA was degraded using DNase I, the synthesized cRNAs were purified as described above.
cDNA Library Construction
Two micrograms of the resultant cRNAs were subjected to doublestranded cDNA synthesis using 100 pmol attB2-Not-(dT) 18 primer ( Table  1) . The cDNA synthesis, end-blunting, purification, and adaptor-ligation steps were carried out as in the previous cDNA syntheses, except that the attB1 adaptor (Table 1 , 500 pmol) was ligated to the double-stranded cDNAs. After the attB1 adaptor-ligated cDNAs were purified by successive treatments of phenol/chloroform/isoamyl alcohol extraction, ethanol precipitation, and PEG/NaCl precipitation in this order, they were dissolved in 50 μL TE and treated with RNase A (at a final concentration of 10 μg/mL; Invitrogen) to degrade contaminated RNA at 37°C for 30 min. The reaction mixture was again purified by extraction with phenol/ chloroform/isoamyl alcohol, followed by ethanol precipitation and PEG/NaCl precipitation. The resultant cDNAs were dissolved in 15 μL TE, and their amount was estimated from fluorescent staining intensity after electrophoresis on agarose gel (4). The attB1-ligated cDNAs (36 ng) were subjected to an in vitro recombination reaction (Gateway ® System; Invitrogen) with 250 ng attPpSP73 donor vector as previously described (4, 16, 17) . In brief, the attB1-ligated cDNA and attP-pSP73 donor vector were mixed and incubated in a 10-μL reaction volume containing 2 μL 5× BP Clonase™ reaction buffer and 2 μL BP Clonase (both from Invitrogen) at 25°C overnight. The cDNA mixture was treated with 2 μg proteinase K (Invitrogen) at 37°C for 10 min to quench the reaction and extracted with phenol/ chloroform/isoamyl alcohol, followed by ethanol precipitation with 2 μg yeast tRNA as carrier. The precipitated cDNA was dissolved in 10 μL water, and 1 μL of the mixture was used for the transformation of ElectroMAX™ DH10B™ E. coli cells (Invitrogen). After titration of the resultant cDNA library, the cDNA plasmids were recovered from approximately 1,000,000 colonies by an alkaline sodium dodecyl sulfate (SDS) method as previously described (4, 19) . The resultant cDNA clones were in a form of plasmid carrying attL sites. Because the plasmids carrying attB sites are required in some applications, these plasmids were converted into those carrying attB sites as previously described (16) . This cDNA library was consequently designated as MB-AL (mouse brain amplified cRNA-derived library).
In the same way as described for 
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MB-AL, we constructed a cDNA library from nonamplified RNA (100 µg mouse brain total RNA) and designated it as MB-CL (mouse brain conventionally constructed library).
Examination of Size-Bias Effect on Amplified cRNAs
To examine the size-bias effect on cRNAs, the first-round cRNAs transcribed by T7 RNA polymerase and the second-round cRNAs transcribed by SP6 RNA polymerase were run on 1.0% agarose gel (1 µg each) and then blotted on nylon membrane (Biodyne ® B Nylon Membrane; PALL, East Hills, NY, USA). They were hybridized with 32 P-labeled SP6 UP primer (Table  1) and Not-(dT) 18 (5′-GCGGCC-GCTTTTTTTTTTTTTTTTTT-3′) oligonucleotide, respectively. Ten picomoles of each probe were labeled with [γ-32 P]ATP (approximately 3000 Ci/mmol; Amersham Biosciences, Piscataway, NJ, USA) by using T4 polynucleotide kinase (Takara, Kyoto Japan). After overnight hybridization in GMC buffer (20) at 45°C, these membranes were extensively washed in 1× standard saline citrate (SSC)/1% SDS solution three times at room temperature. Analysis of hybridized signals was performed on a BAS 2000 Image Analyzer (Fuji Photo Film, Tokyo, Japan)
Evaluation of cDNA Libraries
Gel electrophoresis. Distribution of cDNA insert sizes was examined by electrophoresis of cRNAs synthesized by T7 RNA polymerase using NotI-digested MB-AL and MB-CL plasmid cDNAs as templates. After purification using an RNeasy Mini Kit, the cRNAs were electrophoresed on a formaldehyde-containing agarose gel with Perfect RNA Markers (EMD Biosciences, Madison, WI, USA). After staining the gel with SYBR ® Green II (Invitrogen), fluorescent staining intensity was analyzed using ImageQuant ® (version 5.0) Software on a FluorImager 595 (Amersham Biosciences).
Random single-pass sequencing analysis. 3′-End sequences of cDNA clones were examined by DNA sequencing. Plasmid DNA from 768 randomly picked clones were purified using an MFX-9600 Magnia ® (Toyobo, Osaka, Japan) and analyzed by a RISA 384-Capillary Sequencer (Shimadzu, Kyoto, Japan) (16) . After trimming the vector sequence using Sequencher™ Software version 4.1 (Hitachi Software, Tokyo, Japan), the obtained cDNA sequences that were longer than 200 nucleotide residues were clustered with cDNA entries in the GenBank ® database and our in-house mouse database. Examination of the integrity of the 3′ ends of cDNA clones was performed by an analysis of whether or not a canonical polyadenylation signal hexamer (5′-AATAAA-3′) or its singlebase variants (11 signal hexamers) were found within the 50 nucleotide residues upstream from the poly(A) tail of cDNAs (21) .
cDNA microarray. Microarray analyses were performed to compare cDNA populations in the MB-AL and MB-CL libraries. Homemade cDNA nylon microarrays with 3534 probes were prepared, and radioisotopic detection was performed (22) . Briefly, cDNA plasmids, which were isolated in our institute and for which full sequences or end sequences were RNA blot hybridization. RNA blot hybridization was carried out to examine size-bias effects. The MB-AL and MB-CL cRNAs (each 1.5 µg, synthesized as described above) were electrophoresed on formaldehydecontaining agarose gel and transferred to Biodyne B nylon membrane. The probe cDNAs were prepared using PCR amplification. Primers were designed based on the sequences registered in the GenBank database or our in-house database; templates were the cDNA plasmids that we had isolated. The probe of ribosomal S6 protein was 724 bp in length, amplified with 5′-CGCTC-GGCTGTGTCAAGATG-3′ and 5′-GAGGACAGCCTACGTCTCTTGG-3′ primers, and the probe of heat shock protein (hsp) 70, 940 bp in length, was amplified with 5′-GATGGACAAGGC-GCAGATCC-3′ and 5′-CTCGATG-GTGGGTCCTGAGC-3′ primers. These probes were labeled with [α-32 P]dCTP (approximately 3000 Ci/mmol; Amersham Biosciences) using the RadPrime DNA Labeling System (Invitrogen). After overnight hybridization in PerfectHyb buffer at 65°C, the membranes were washed successively with 0.1× SSC/1% SDS at room temperature for 5 min and for 15 min, and then at 65°C for 30 min. The hybridization signals were detected on a BAS 2000 image analyzer.
RESULTS AND DISCUSSION
The cDNA library construction method that we developed in this study is shown in Figure 1 (newly introduced steps are highlighted with a star). This method consists of two rounds of cRNA amplification step, conversion of cRNAs to cDNAs, and recombinational cloning into a plasmid. The key step in this method is the adaptor ligation to tag cDNA ends with SP6 promoter sequence. Once we can successfully synthesize cDNAs in this format, it becomes possible to specifically reverse transcribe the first-round cRNAs that contain the SP6 promoter sequence at their 3′ end. The second-round cRNAs are synthesized with SP6 RNA polymerase using the resultant double-stranded cDNAs as templates. After the two rounds of RNA polymerase-assisted amplification, the resultant cRNAs are then converted to double-stranded cDNAs by reverse transcription using the attB2-Not-(dT) 18 primer. The use of attB2-Not-(dT) 18 primer in the reverse transcription enables us to convert only the cRNAs carrying the sequence 5′-RESEARCH REPORT (A) 18 GCGGCCGC-3′ at their 3′ ends. Because these modifications should only allow amplification and cloning of cDNAs that have correctly tagged ends, we expect that this method will minimize size bias during RNA polymerase-assisted amplification.
To test the efficacy of the method, we constructed cDNA libraries by a conventional method (16) using nonamplified total RNA from mouse brain (100 µg) and by the method described above using 1 µg of total RNA from mouse brain. Table 2 summarizes the amounts of cDNA and cRNA obtained in each step, calculated as an average of three independent experimental runs of MB-AL construction. We obtained an average of 6.4 × 10 7 independent cDNA clones as the final output. Because this number of cDNA clones derives from a total of 36 ng cDNA generated using the amplification protocol, we calculate that this method yields approximately 1.2 × 10 11 cDNA clones from 1 µg total RNA.
To examine the size-bias effect during amplification steps experimentally, we next compared the size distributions of the first-round and the second-round cRNA by RNA blot hybridization analysis. In these experiments, the first-round and the secondround cRNAs were hybridized with SP6 UP primer and with Not-(dT) 18 oligonucleotide, respectively, because these oligonucleotide probes detect only cRNAs correctly transcribed to the end. As shown in Figure 2 , the RNA size at the peak of hybridization signal in the second-round cRNA was found to be almost the same as that in the first-round cRNA, but with a slight shift to smaller size. We suspect that truncation of cRNAs probably took place during the second-round cDNA synthesis with the SP6 UP primer.
To further assess the quality of the resultant amplified cDNA library, we also compared various features of the cDNA libraries generated with and without the amplification (MB-AL and MB-CL, respectively). We first examined the size distribution of the cDNA inserts, as shown in Figure 3A . The results of fluorescence intensity signals obtained from the gel-staining image indicated that the cDNA insert sizes of MB-AL and MB-CL were similar, but the peak point was slightly smaller in MB-AL (0.65 kb) compared to that in MB-CL (0.8 kb). Next, we analyzed 3′-end sequences of randomly sampled cDNA clones from each library. The clustering results for these expressed sequence tags (ESTs) are shown in Figure 3B and suggest that the complexity of MB-AL was as high as that of MB-CL. However, it is worth noting that highly redundant cDNA clones disappeared in MB-AL. By a statistical analysis (Chi test), it was demonstrated that the difference of redundancies between MB-AL and MB-CL was significant (the probability that the redundancies in MB-AL and MB-CL are similar is <0.001). In addition, we examined the integrity of 3′ ends of cDNAs by analyzing whether each EST contained a polyadenylation signal hexamer or not. The results indicated that 80.1% and 87.3% of cDNA clones in MB-AL and MB-CL, respectively, contained plausible polyadenylation signal sequences (21) . The decrease of occurrence rate of polyadenylation signal hexamers in MB-AL probably indicated an increase in the number of cDNA clones where cDNA synthesis was internally primed due to two rounds of dT priming.
By microarray hybridization, we examined the cDNA population of MB-AL in comparison with that of MB-CL. Figure 3C shows a scatter plot of hybridization signals of MB-AL and MB-CL targets. The results indicated a considerably high correlation of hybridization signals between MB-AL and MB-CL targets, suggesting that there was not a detrimental effect of the amplification in cDNA population.
Finally, we performed RNA blot hybridization analysis to examine size-bias effects with attention to housekeeping genes ( Figure 3D ). For ribosomal S6 protein and hsp 70, cRNA sizes both in MB-AL and MB-CL were similar and comparable to those expected from their reported nucleotide sequences. However, the hybridzation pattern of hsp 70 cRNAs in MB-AL was slightly different from that in MB-CL, indicating that the size-bias effect was not completely removed.
The method of cDNA library construction described in this report was devised to minimize size biases during amplification steps assisted by RNA polymerase. Such an RNA polymeraseassisted library construction method from a small RNA pool for comprehensive sequencing analysis has not been well studied, while cDNA/cRNA library construction methods for microarray hybridization have been actively pursued. Although Lukyanov et al. (23) and Piao et al. (24) reported methods using PCR amplification to construct ��������������������� �������������������� a cDNA library from a submicrogram amount of total RNA, PCR amplification intrinsically has disadvantages such as severe size and population bias and low fidelity of cDNA amplification. This was why we tried to develop a cDNA library construction method based on RNA polymerase-assisted amplification in this study.
For this purpose, we devised a new RNA polymerase-assisted amplification strategy as shown in Figure 1 cDNA suitable for comprehensive gene structure analysis. In the former, cDNA synthesis after cRNA amplification is done with random hexamers, and this makes the amplified cDNAs inevitably shorter than the original ones (5,7). In the latter, the introduction of a homopolymeric tail at the first-strand cDNA end by terminal deoxynucleotidyl transferase (TdT) or Moloney murine leukemia virus (MMLV) reverse transcriptase activity (10, 11) makes sense to minimize the sizebias effect during RNA polymeraseassisted amplification as in our method. However, the homopolymeric tailing method is known to cause truncation of cDNAs due to unexpected priming of cDNA synthesis from a homopolymeric stretch of internal RNA sequences. Because the adaptor-ligation method described in this study could provide a specific sequence for cDNA priming, we could expect to reduce the extent of cDNA truncation using our method.
In principle, our method should only amplify the cDNAs flanked by an intrinsic poly(A) tail and the SP6 adaptor sequence, which were generated in the first-round cDNA synthesis. The results shown in Figure  2 and Figure 3A were essentially consistent with this, although the cDNA population in the smaller size range was a little increased. The results of RNA blot analysis ( Figure  3D ) also showed that the size-bias effect could be reduced but not completely removed even in our method. This was probably because truncated cDNAs appended by a poly(A) tail and the SP6 promoter sequence were generated during conversion of cRNA to cDNA. This view was supported by the fact that the occurrence rate of the polyadenylation signal sequences in MB-AL was significantly lower than that observed in the conventional cDNA library (21) . Truncation of cDNAs could occur during cDNA synthesis due to internal priming of RNA with the dT-tailed primer and the SP6 primer. Because homopolymeric stretches frequently occur in eukaryotic mRNAs, the homopolymeric tailing method might impose more severe size bias on multiple-round cRNA amplification than our adaptor-ligation method. Although raising the reaction temperature during reverse transcription and decreasing the primer concentration could suppress the aberrant internal priming in cDNA synthesis to some extent, it is known to be difficult to completely eliminate this at present. Thus, although we carried out tworound cRNA amplification for demonstration of the overall protocol, in practice, we recommend skipping the second-round cRNA amplification when enough cRNA can be obtained in the first-round reaction.
Considering these results, we conclude that our new method is useful for cDNA library construction from a small amount of starting RNA. In fact, we have successfully and routinely used this method for the construction of cDNA libraries when the amount of total RNA is less than 1 µg (data not shown). Because 1 µg total RNA could be recovered from 10 5 -10 6 mammalian cells or 1 mg of mammalian tissues, cDNA libraries can be easily constructed from cells fractionated by cell sorters or microdissection by using our method. Furthermore, because we calculate that this method enables us to obtain more than 10 5 cDNA clones from 1 pg total RNA, which is close to the amount of total RNA in a single cell, a single cell-derived cDNA library might be constructed based on this adaptor-ligation-assisted cRNA amplification.
